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ABSTRACT: Poor ionic conductivity of the catalyst-binding, submicrometer-thick ionomer layers in energy conversion and storage
devices is a huge challenge. However, ionomers are rarely designed
keeping in mind the speciﬁc issues associated with nanoconﬁnement. Here, we designed nature-inspired ionomers (calix-2) having
hollow, macrocyclic, calix[4]arene-based repeat units with precise,
sub-nanometer diameter. In ≤100 nm-thick ﬁlms, the in-plane
proton conductivity of calix-2 was up to 8 times higher than the
current benchmark ionomer Naﬁon at 85% relative humidity
(RH), while it was 1−2 orders of magnitude higher than Naﬁon at
20−25% RH. Confocal laser scanning microscopy and other
synthetic techniques allowed us to demonstrate the role of
macrocyclic cavities in boosting the proton conductivity. The
systematic self-assembly of calix-2 chains into ellipsoids in thin ﬁlms was evidenced from atomic force microscopy and grazing
incidence small-angle X-ray scattering measurements. Moreover, the likelihood of alignment and stacking of macrocyclic units, the
presence of one-dimensional water wires across this macrocycle stacks, and thus the formation of long-range proton conduction
pathways were suggested by atomistic simulations. We not only did see an unprecedented improvement in thin-ﬁlm proton
conductivity but also saw an improvement in proton conductivity of bulk membranes when calix-2 was added to the Naﬁon matrices.
Naﬁon−calix-2 composite membranes also took advantage of the asymmetric charge distribution across calix[4]arene repeat units
collectively and exhibited voltage-gating behavior. The inclusion of molecular macrocyclic cavities into the ionomer chemical
structure can thus emerge as a promising design concept for highly eﬃcient ion-conducting and ion-permselective materials for
sustainable energy applications.
KEYWORDS: ionomer, porin-inspired, water wire, proton conductivity, gating, ion channel, thin ﬁlm, fuel cell

■

INTRODUCTION
Ionomers with high ionic conductivity and permselectivity are
highly needed to address the technical challenges of energy
conversion and storage devices (such as fuel cells, electrolyzers,
and batteries).1−4 Ionomers are used as several tens of
micrometer-thick, bulk, free-standing membrane separator
and a sub-micrometer-thick catalyst binding layer in these
devices. However, hydrogen fuel cells experience a major ion
transport limitation within the sub-micrometer-thick ionomer
layer.5−8 This slows down the electrocatalytic reaction at the
cathode and aﬀects the performance of the device. A ∼25 μmthick bulk, free-standing membrane of the current state-of-theart, ﬂuorocarbon-based ionomer Naﬁon, conducts protons
eﬃciently, while the proton conductivity of the same ionomer
becomes about an order of magnitude lower in a ∼25 nm-thick
ﬁlm on the substrate.6,9,10 The high conductivity in bulk
membrane11−17 and low conductivity in thin ﬁlms/catalyst
layers5,18−20 have also been reported for polyaromatic
ionomers. While there have been signiﬁcant eﬀorts to design
© 2022 The Authors. Published by
American Chemical Society

ionomers to improve the ionic conductivity of bulk
membranes,15−17,21,22 ionomers are rarely designed keeping
in mind the speciﬁc issues associated with nanoscale conﬁned
thin ﬁlms and with a target to improve thin-ﬁlm ionic
conductivity.23−25
In sub-micrometer-thick ﬁlms of conventional ionomers
(such as Naﬁon), the phase segregation and ionic domain
connectivity are sacriﬁced due to dimensional and interfacial
constraints.23,26−31 These cause a decrease in the size of ionconducting domains to ∼1.5−2 nm in sub-micrometer-thick,
hydrated Naﬁon ﬁlms32 from ∼4 nm in corresponding bulk
membranes.33 Based on the current understanding of
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Figure 1. Synthesis procedure of the calixn-2 and calix-2 ionomer.

pillar[5]arene-derivatives (diameter ∼0.5 nm)47,56 showed
interesting trends in proton conductivity within the narrow
constrictions of molecular cavities. Noy et al.34 reported that
when the diameter of CNTs was ∼1.5 nm, the proton
transport rate was comparable to bulk water. However, when
the diameter went below 1 nm (∼0.8 nm), the proton
transport rate exceeded that of bulk water and gramicidinbased biological ion channels (diameter ∼0.4 nm). Molecular
dynamics simulation of CNTs60 suggested that inside channels
with angstrom-scale diameter, the water molecules form
strongly connected, one-dimensional, hydrogen-bonded water
wires (1D water wire eﬀect35,61), while wider CNTs preserve
an almost bulk-like, random water arrangement. Previous work
on gramicidin A also supports that reorientational relaxation of
water molecules, a prerequisite for proton conduction, is
possible along water wires in such narrow channels.62 Thus,
conﬁnement can go in favor of proton conduction, rather than
going against if the diameter of the synthetic ion channels is
carefully chosen to enable the formation of 1D water wires.
Among the synthetic, porous, solid-state proton conductors,
metal−organic frameworks,63 covalent organic frameworks,64
and polymers of intrinsic microporosity65 are the most
promising classes. While each of these have unique advantages,
the porous material design community is still working to
address several challenges and achieve a combination of
characteristics, such as precise pores preferably with angstrom-

ionomers, a common school of thought is that ion channels
with a narrow diameter (≤2 nm) cause nanoconﬁnement
eﬀects on ﬂow and negatively impact the proton conductivity.28,32 However, the trends in proton conduction through
narrow (1−2 nm) versus very narrow (sub-nanometer) ion
channels are very thought-provoking.34 In fact, natural porinbased systems (such as gramicidin A35) exhibit an exceptionally high ionic conductivity despite having sub-nanometersized ion channels.
Porins self-assemble within biological membranes and are
responsible for the controlled transport of water and ions
across living cells. The hydrophobic moieties, lined along the
inner surface of the porins, enable faster water transport,36
while the appended functional groups give porins the capability
to transport ions selectively.37−41 Researchers, inspired by
these features, have designed synthetic ﬂuid/ion channels42,43
based on dendritic dipeptides,44 imidazole I-quartets,42,45
functionalized calix46/pillararenes,42,43,47−49 carbon nanotubes
(CNTs),34,50−52 graphene oxide,53 and more.54−57 These
artiﬁcial systems have been studied as single transport
elements46,48,49,51 or self-assembled features comprising several
monomeric units46,47 upon embedding within lipid bilayers,46−48,51,54 polymers,49,50,52 or inorganic51,58 matrices.
CNTs with narrow diameters allow ﬂuid ﬂow in a frictionless
manner,50 which is best explained by slip ﬂow.50,55,59
CNTs34,51 with varying diameters (∼0.8−2 nm) and some
1145
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Figure 2. Schematic showing possible proton conduction pathways in calix-2 ionomeric systems: along the chain (solid blue arrows) and across
macrocyclic cavities (dotted blue arrows) (top). The unique design features of macrocyclic repeat units of calix-2 ionomers [precise subnanometer-sized permselective cavity (3 Å), 1D water wire, gating] (bottom left). The green balls, appended to macrocyclic calix[4]arene and
biphenyl units, represent sulfonic acid (−SO3H) groups which participate in the along-chain ion transport.

eﬀect and allow faster passage of ions through the subnanometer-sized macrocyclic cavities (Figure 2). We hypothesize that the aromatic ionomers having macrocycle-based
repeat units along the chain can leverage multiscale ion
transport pathways: (i) along the −SO3H groups of all units
(macrocyclic and nonmacrocyclic) of an ionomer chain and
(ii) across macrocyclic cavities. Even if the ionomer chains
experience severe conﬁnement and fail to spontaneously phasesegregate (as seen in sub-micrometer-thick Naﬁon
ﬁlms7,10,26,27), the individual macrocyclic repeat units of
calix-2 chains can still maintain the through-cavity ionic
conduction. On top of this, if we are able to achieve favorable
self-assembly of pore-forming units in solution (likely based on
prior evidences73,86−91) and retain the self-assembled feature of
the solid-state, we will be able to achieve both short-range and
long-range ionic conduction simultaneously. Such features can
also be beneﬁcial to improve bulk membrane proton
conductivity. These macrocycle-based ionomers are also
versatile as their chemical functionalities can be tuned to
make them soluble in common organic solvents. They can
form smooth, thin ﬁlms and can be made compatible with the
components of catalyst inks, especially hydrocarbon-based
catalysts92,93 that are being designed as low-cost alternatives for
fuel cells. Besides the 1D water wire eﬀect, by creating charge
distribution asymmetry at the upper and lower rims of the
macrocyclic repeat units,39,41,42,54 we have been able to achieve
voltage gating, a unique feature of natural94,95 and naturemimicking systems.54−57 A composite, bulk membrane,

scale diameter to attain faster ion diﬀusion with permselectivity,64,66 narrow pore size distribution,67 solubilities in conventional organic solvents to enhance processability,63 good
dispersibility and compatibility with matrix materials of catalyst
inks,63 low environmental impacts,63,67 and scalability.63 Lastly,
but most importantly, we need good ionic conductivity in submicrometer-thick ﬁlms to improve the interfacial ion transport
behavior, a critical, but rarely addressed issue of hydrogen fuel
cells, electrolyzers, and other electrochemical devices.23,68
Considering these needs, here, we report a new class of
nature-inspired ionomers (calix-2, Figure 1) having sulfonated
macrocyclic calix[4]arene-based repeat units with a target to
improve thin-ﬁlm proton conductivity. Macrocycles or other
sub-nanometer precision materials are widely used for ion
sensing,69,70 host−guest interaction studies,71−74 gas separation,75,76 and desalination/ion-selective separations.43,55,77−82
Very limited attempts have incorporated calix[n]arenes within
inorganic58,83 ion-transporting membranes, but in the monomeric form. Therefore, the incorporation of macrocyclic repeat
units within the chemical structure of oligo/polymers is still a
new concept in ionomer design for energy conversion/storage
devices.
The calix-2 ionomers, we designed, possess multiple unique
features, which can address the aforementioned design
challenges of ion-conducting materials currently used.
Calix[4]arene has a rigid macrocyclic core with a diameter of
∼3 Å84 (can vary up to +2 Å depending on the substituting
groups85). Therefore, calix-2 can leverage the 1D water wire
1146
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Figure 3. In-plane impedance curves of ∼100 nm-thick unannealed Naﬁon and calix-2 ﬁlms with diﬀerent IECs (a); in-plane proton conductivity
(σIP) of Naﬁon and calix-2 (IEC 3.9) ﬁlms with diﬀerent thicknesses as a function of % RH (b); in-plane proton conductivity (σIP) of Naﬁon and
calix-2 thin ﬁlms (∼15 nm) at 20−25% RH (c). Water uptake [in the form of hydration number (λ)] of sub-micrometer-thick ﬁlms of calix-2 with
IECs 2.8 (d); 3.9 (e) and 5.8 (f) as a function of ﬁlm thickness and % RH. The λ values were calculated as the moles of water absorbed per mole of
sulfonic acid (−SO3H) in the ionomer samples. All measurements were done at room temperature (∼23 °C).

calix-2 with an IEC higher than 4 (IEC 5.8), where the
contribution of acid groups was partially from the covalently
bonded −SO3H groups and the rest was from the free acids
trapped within the macrocyclic cavities of calix[4]arene units.
Multiple water-wash and ultrasonication cycles ensured the
removal of unreacted acids from sulfonated calix-2 samples, as
conﬁrmed by the carbon/sulfur (C/S) ratio from XPS [4.52
(experimental) and 4.32 (theoretical)]. Additionally, dialysis
for extended hours (72 h) was performed for calix-2 (IEC 5.8)
to ensure the removal of excess free/untrapped acids. The low
% Cl in IEC 2.8 (0%) and 3.9 (4.16%) samples also supported
the satisfactory puriﬁcation of the compounds, while high % Cl
in the IEC 5.8 sample conﬁrmed the trapping of unreacted
ClSO3H, which was most likely happening in the macrocyclic
cavities of calix[4]arene units of calix-2.
The number-average molecular weights (Mn) of calix-2
samples [5671 (IEC 2.8) and 6138 (IEC 3.9)] were at the
lower-molecular-weight end of polymers and can thus be called
as oligomers. They can still be considered as ionomers due to
their excellent ionic conduction capabilities even in submicrometer-thick ﬁlms (discussed later). Also, thermogravimetric analysis (TGA) showed that calixn-2 was thermally
stable until 270 °C (Figure S9). Last but not the least, these
ionomers made smooth ﬁlms (over substrates) within the
thickness range (∼15−100 nm) comparable to the catalystbinding ionomer layers over electrodes. Such thin-ﬁlm
processability is critical for making fuel-cell electrodes.96 The
signiﬁcantly lower density of calix-2 ﬁlms (as compared to
Naﬁon, Table S1) could be attributed to the porosity induced
by macrocyclic cavities of calix[4]arene.

containing calix-2 with Naﬁon, can thus control the direction
of ion transport. Such materials have great potential to design
permselective membranes for ﬂow batteries and many other
electrochemical devices.

■

RESULTS AND DISCUSSION

Synthesis of Ionomers

Figure 1 shows the synthetic routes to obtain the neutral
precursor of the calix[4]arene-based oligomer (calixn-2) and
sulfonated ionomer (calix-2). In calix-2, the upper-rim
sulfonated calix[4]arene units are present alternating with
sulfonated biphenyl-based repeat units along the ionomer
backbone. In brief, the dibromo derivative of calix[4]arene (3)
was synthesized by alkylation, followed by the bromination
reaction [Figures S1−S4, S7, and S8 for NMR and HR-TOF
MS spectra of compounds (2) and (3)]. This dibromoderivative of calix[4]arene (3) was then Suzuki cross-coupled
to the boronic acid-functionalized biphenyl monomer to yield
neutral calixn-2 (Figures S5 and S6). Similar to compounds
(2) and (3), the 1HNMR spectra for calixn-2 (Figure S5)
showed the signal for the methylene bridges (at 3.40 and 4.35
ppm), which indicated that the cone conformation was
retained in calixn-2. Calixn-2 was sulfonated further using
chlorosulfonic acid (ClSO3H) to obtain calix-2 ionomers. By
varying the concentration of ClSO3H in the reaction system,
sulfonated calix-2 with diﬀerent ion exchange capacities (IECs)
(2.8, 3.9, and 5.8) was obtained (please see the Methods
section of the paper and the Supporting Information for
synthetic details). It is to be noted that 4 was the maximum
possible IEC if all the −SO3H groups in the sample were
covalently bonded to the ionomer chains. Since the ionomer
was capable of capturing free acids, we explored a version of
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nanometer-sized cavities can compel water molecules (∼2.8
Å)36 to align and form a single ﬁle of water.35 If there are no
interactive restrictions (e.g., H-bonding or dipole−dipole
interactions) inside and across the cavities/channel, water
dipoles tend to orient in the same direction and parallel to the
cavity axis36 to create 1D, H-bonded water wires.60 Rapid
proton hopping, facilitated by such highly ordered, defect-free
water wires,35,61 has been identiﬁed as one of the key reasons
behind very fast proton transport rates in gramicidin A (4 Å)35
and CNTs with <1 nm diameter.34 These water wires are
superior to bulk water as in bulk water, the order of water
dipoles is still random.61,106 Since calix[4]arene has subnanometer-sized macrocyclic cavities (∼3 Å),84 it is likely that
calix-2 also has a similar proton transport phenomenon.
To reveal whether the high proton conductivity of calix-2
was actually caused by calix[4]arene cavities, we performed
several experiments. First, we synthesized a nonmacrocyclecontaining version of ionomer (sulfonated biphenyl polymer
(SBP), Figure S13a,b). While calix-2 had both sulfonated
biphenyl and macrocyclic sulfonated calix[4]arene repeat units,
SBP only had sulfonated biphenyl repeat units. The nonmacrocycle-containing SBP showed very weak in-plane proton
conductivity as compared to calix-2 in ﬁlms with similar
thickness. For example, a ∼49 nm-thick SBP ﬁlm showed a
proton conductivity of 7 × 10−4 mS/cm (Figure S13c), while it
was 37 mS/cm for the calix-2 ﬁlm at ∼80−83% RH. In another
set of experiments, we showed the eﬀect of the inclusion of
macrocycles by making a composite ﬁlm out of SBP and
monomeric sulfonated calix[4]arene (Scalixmono, Figure S13)
in a 1:0.2 wt ratio. The (SBP−Scalixmono) composite ﬁlm
(∼47 nm thick) showed a proton conductivity of 17.5 mS/cm
(Figure S13d), which was ∼5 orders of magnitude higher than
that of the pure SBP ﬁlm. All these evidences conﬁrmed the
role of hollow macrocyclic cavities in achieving exceptional
improvement in proton conductivity in thin ﬁlms.
As can be seen from the chemical structure, the calix-2
ionomers were composed of both sulfonated calix[4]arene and
sulfonated biphenyl repeat units along the backbone. Therefore, the ionomers indeed had the capability to facilitate ion
transport in two directions: (i) the −SO3H groups along the
main chain and (ii) across the cavity of sulfonated macrocyclic
calix[4]arene units. Thus, the relative contribution of alongchain and through-cavity transport on the in-plane and out-ofplane conductivity will be decided by how the chains are
packed and how the self-assembled features are oriented73,86−88 in a ﬁlm/membrane [discussed in the atomic
force microscopy (AFM) and Atomistic Simulation sections
later].

Figure 3a−c shows the in-plane proton conduction behavior
(σIP) of calix-2 ionomers in ∼15−100 nm-thick ﬁlms as a
function of IEC, ﬁlm thickness, and relative humidity (% RH).
The in-plane impedance measurements were done using
interdigitated electrode arrays deposited on SiO2 substrates
(please see the Supporting Information for further details).
The semicircular regions of the impedance curves of ∼100 nmthick ﬁlms of Naﬁon and calix-2 (at three diﬀerent IECs: 2.8,
3.9, and 5.8) at ∼82−88% RH indicated that the ﬁlm
resistance values of calix-2 ﬁlms were always lower than that of
Naﬁon (Figure 3a). When the impedance curves were ﬁtted to
an equivalent circuit model (Figure S10 for representative data
ﬁts), we saw signiﬁcantly higher proton conductivity of calix-2
ﬁlms as compared to Naﬁon ﬁlms with similar thickness and
similar % RH. For example, a ∼100 nm-thick Naﬁon ﬁlm
showed an in-plane proton conductivity of ∼8.31 mS/cm
(Figure 3b), while the calix-2 ﬁlms showed proton conductivity
values of ∼10.80 mS/cm (IEC 2.8), 65.48 mS/cm (IEC 3.9,
Figure 3b), and 62.13 mS/cm (IEC 5.8) at ∼85% RH (Table
S2). This means that calix-2 can oﬀer proton conductivity up
to 8 times higher than that of Naﬁon under high-humidity
conditions in thin ﬁlms. The proton conductivity values of
calix-2 ﬁlms were also higher than those of Naﬁon ﬁlms in the
out-of-plane direction (σOP, Figure S11 and Table S3). Such an
improvement in proton conductivity in thin ﬁlms is
unprecedented. The improvement in proton conductivity was
even higher under low-humidity conditions. For example, ∼20
nm-thick calix-2 ﬁlms (IEC 3.9, 5.8) showed conductivity (σIP)
∼5−8 times higher than that of Naﬁon at ∼85% RH (Table
S2), while the same ﬁlms showed up to 1−2 orders of
magnitude improvement in ionic conductivity at 20−25% RH
(Figure 3c). The ﬁlms we studied had thickness comparable to
that of the ionomer-based binder layers over catalyst particles
in hydrogen fuel cells and electrolyzers. Especially, such
improvement in proton conductivity at low % RH stands out97
as most of the reported ionomers (both ﬂuorocarbon- and
hydrocarbon-based) showed poor proton conductivity at low
% RH in both bulk membranes98−100 and the thin ﬁlm7,8,101
format.
The EIS data above and our prior understanding of synthetic
ion channels34,42,54,60,62 suggested that the exceedingly high
proton conductivity of calix-2 ﬁlms originated from the
sulfonated macrocyclic cavities. It is a well-known fact that
ionic domain or ion channel connectivity and appropriate size
of water conﬁnement are critical for proton transport. Bulk-like
water, present in ∼4 nm-size ionic domains in thick Naﬁon
membranes,33,102 makes the proton conductivity facile. On the
contrary, in sub-micrometer-thick Naﬁon ﬁlms, the interfacial
interactions and dimensional restrictions impede the phase
segregation.10 As a result, the conﬁned water molecules form
∼1.5−2.3 nm-sized ionic domains on an average (Figure
S12a,b) 2 8 , 3 2 and lead to poor proton conductivity5,8,10,101,103−105 in thin Naﬁon ﬁlms. Macrocyclic cavities
can have the capabilities to address and overcome this thin ﬁlm
proton transport barrier. First of all, the hollow cavities can act
like ion channels and provide additional ion conduction
pathways in thin ionomer ﬁlms. Moreover, the sub-micrometer-sized constrictions of molecular cavities have certain
advantages in transporting ions faster,34,35 which is not possible
to achieve with ∼1−2 nm-sized ionic domains (present in
Naﬁon thin ﬁlms). Based on the extensive prior studies on
structural and orientational dynamics of water, the sub-

Water Uptake

Figure 3d−f shows the water uptake of ∼25−135 nm-thick
calix-2 ﬁlms as a function of % RH, ﬁlm thickness, and IEC.
Increasing the IEC of the ionomers from 2.8 to 3.9 led to an
increase in the hydration number (λ), especially at high % RH.
This is a common trend of typical ionomers107 and could be
attributed to an increase in the degree of sulfonation of the
ionomer. However, increasing the IEC further (to 5.8) caused
a decrease in λ values. For example, at ∼85% RH, the λ values
of ∼25−30 nm-thick ﬁlms of calix-2 decreased from ∼16 to ∼4
when the IEC increased from 3.9 to 5.8. It is to be noted that
the IEC 5.8-variant of calix-2 had ion-conducting groups both
in the form of covalently bonded −SO3H groups (to aromatic
rings) and doped free acids. These free acids are likely to take
1148
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Figure 4. AFM height and amplitude images of ∼35 nm-thick ﬁlms of Naﬁon (a−c) and calix-2 with IECs 2.8 (d−f); 3.9 (g−i); and 5.8 (j−l). The
scale bars are shown within the images.

Morphology and Self-Assembly

place inside the macrocyclic cavities and block them, which
could otherwise be taken by water. This may be a reason why
IEC 5.8 ﬁlms could not show proton conductivity higher than
IEC 3.9 ﬁlms at a high % RH (Table S2). Nevertheless, in IEC
5.8 samples, there is a higher number of −SO3H groups in
close proximity since free acids sit in the cavities. Together, the
covalently bonded and free acids reduced the inter-SO3H
distance, favorable for proton hopping in IEC 5.8 samples.
Undoped calix-2 samples (IEC 2.8, 3.9) could not take
advantage of such a proximal, high-density −SO3H eﬀect. This
explains why at low % RH, IEC 5.8 was the best proton
conductor with a trend (calix-2)IEC 5.8 > (calix-2)IEC 3.9 > (calix2)IEC 2.8 > Naﬁon (Figure 3c). Another important point is:
Naﬁon ﬁlms (Figure S14) sorbed water similarly or more than
any calix-2 ﬁlm (Figure 3d−f) but showed lower ionic
conductivity (Figure 3b). In a ∼25 nm-thick ﬁlm at 20−25%
RH, the λ value for Naﬁon was ∼11, while it was ∼6 for calix-2
(IEC 3.9), but the proton conductivity was ∼3.1 × 10−4 and
∼1.4 × 10−2 mS/cm for the same Naﬁon and calix-2 ﬁlms,
respectively. The sorbed water in Naﬁon ﬁlms is known to
form ill-connected10,108 ionic domains. Also, these domains
have an average diameter of ∼2.2−2.3 nm (Figure S12a,b)
which was not small enough to leverage the 1D water wire
eﬀect (unlike calix-2). All of these explain the low proton
conductivity of Naﬁon thin ﬁlms despite higher water uptake.

As mentioned earlier, the added advantage of using macrocycle-based amphiphiles is that, unlike linear amphiphiles, they
can spontaneously self-assemble in both solution and solidstate above the critical aggregation concentration [∼0.05 wt %
for calix-2 (Figure S15)].73,86,109 Such self-assembly can give
rise to interesting architectures (vesicular, cylindrical, micellar,
capsules, and more)73,86−89 with a high level of order and
connectivity73,86 between macrocyclic cavities. This connectivity can be highly beneﬁcial for attaining long-range ionconduction pathways. Figure 4 shows the AFM images of
∼35−40 nm-thick ﬁlms of Naﬁon and calix-2 at ambient
humidity. While Naﬁon ﬁlms were almost featureless (Figure
4a−c), calix-2 ﬁlms formed ellipsoidal features (Figures 4d−l,
S16, and S17) which was in agreement with many
experimental studies on calix[n]arene-based molecules.73,86,88,89,109 Molecular dynamics simulations of calix[n]arene-based molecules can form multiple bilayer-like arrangements (similar to lipid bilayer membranes),73,86,88,89,109 or
simply stack in multiple layers (like a stack of cups).90,91 In a
bilayer-like arrangement, the calix[4]arene units tend to sit in
an up-and-down fashion to bring similar functional groups of
the rims close and directed to each other.73,86,88,89,109 Such
arrangement was commonly seen in calix[n]arene-based
monomers having carboxylate,73,89 sulfonate,86,89,109 and
phosphonate88,89 functionalities at one rim and alkoxy chains
at the other rim. On the other hand, in the stack-of-cup format,
1149
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Figure 5. (a) Out-of-plane RSAXS of calix-2 (IEC 3.9) ﬁlm at 92% RH (a, top, right). Proposed self-assembly modes and ionic conduction
pathways within calix-2 ionomer ﬁlms based on AFM and RSAXS data. The solid blue arrows represent surface proton hopping, while the dotted
blue arrows represent the proton conduction across individual macrocyclic cavities and self-assembled ion channels through multiple cavities. The
green balls appended to calix[4]arene and biphenyl units represent sulfonic acid (−SO3H) groups. (b−d) Side (b) and top (c) views of anhydrated
structural model of calix-2 ionomers comprising four calix[4]arene monomers, as identiﬁed in DFT-B3LYP calculations with characteristic domain
spacings. (d) corresponds to the hydrated model with a one-dimensional chain of H-bonded water molecules. In the hydrated model, the
characteristic distances are increased from ∼0.87 to ∼1 nm and from ∼1.35 to ∼1.4 nm. The atoms O, S, C, and H are represented by the colors
red, yellow, brown, and white, respectively, in the atomistic simulation.

polymers.90,91 Primarily, the diﬀerence in these two orientations appeared to originate from the absence/presence of the
phenylene-based repeat units in the chain imposing some steric
stringencies (e.g., maintaining an angle of 120° between 3 sp2-

the upper rim of a calix[n]arene unit of one chain faced the
lower rim of the calix[n]arene unit of the neighboring chain,
which are stacked on top of each other. Such a stack-of-cup
format was reported for calix[n]arene-phenylene-based oligo/
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carbons110). It was also shown that the stacks of calix[n]arene
units of the polymer chains were stabilized via multiple
interactions, such as van der Waals and hydrogen-bonding
interactions.90,91 In our case, calix-2 has sulfonic acid (−SO3H)
groups at the upper rims, while it has hydroxyl (−OH) and
propoxy [−O−(CH2)2−CH3] groups at the lower rims of
calix[4]arene units. Also, the sulfonated calix[4]arene units are
alternated with sulfonated biphenyl units in calix-2. Therefore,
stack-of-cup conformation can be a more probable conformation for calix-2, which we conﬁrmed later via atomistic
simulations.
Based on the three-dimensional AFM images (Figure S16)
and corresponding height proﬁles (Figure S17), the
dimensions [(dia)long axis × (dia)short axis] of the ellipsoidal
features in calix-2 ﬁlms were ∼100 nm × 50 nm and ∼500 nm
× 50 nm for IEC 2.8 and 3.9 samples, respectively. IEC 5.8
samples showed more polydispersity in the size of the features
with a mix of both large (∼500 nm × 120−160 nm) and small
(∼500 nm × 20−40 nm) ellipsoids. The gradually increasing
feature size with IEC was consistent with the trends observed
for other ionomers.23 The dimensions of ellipsoidal features
also suggested that the calix-2 ﬁlms likely had ∼20−80 layers
of calix[4]arenes stacked within each spheroidal feature based
on the calculation of the height of one calix[4]arene unit in a
stack (∼1.0 nm). Such stacked arrangement can give rise to
ionic conduction pathways with multiple length scales: (i)
across individual calix[4]arene units of calix-2 (molecular-level
ion channels), (ii) across overlapped/aligned macrocyclic units
in a stack (connected ion channels), and (iii) along the surface
of the upper rims of calix[4]arene units where the −SO3H
groups are sitting side-by-side (lateral proton hopping along
the chains). The presence of such multilength scale ionic
domains was further conﬁrmed through reﬂection small-angle
X-ray scattering (RSAXS) and atomistic simulations.
We performed both in-plane and out-of-plane RSAXS of
∼136 nm-thick calix-2 (IEC 3.9) ﬁlms. RSAXS, a special type
of grazing incidence small-angle X-ray scattering (GISAXS),
uses a point detector (0D approach) to capture the scattering
intensity in-plane (qp) or out-of-plane (qz) direction at a time.
We did not see any scattering in the in-plane direction, but we
saw two prominent scattering peaks in the out-of-plane
direction (Figure 5a, right). Although the origin of the absence
of the in-plane scattering peak was unclear, it was evident that
there were repeating structures in the out-of-plane or zdirection. The situation can be imagined better with an
example of lamellar sheets (seen in block copolymers111),
where the conducting lamella repeating in the z-direction act
like proton-conduction pathways along the in-plane direction.
The two out-of-plane scattering peaks for the calix-2 (IEC
3.9) ﬁlm were seen at qz values of 4.02 nm−1 (d-spacing ∼1.56
nm) and 6.46 nm−1 (d-spacing ∼0.97 nm), suggesting the
presence of two ordered/repeating structures in the zdirection. The d-spacing of ∼1.56 nm for the ﬁrst scattering
peak could be attributed to the ionic domains through the
macrocyclic cavities of calix[4]arene repeat units. We made
this assignment since the theoretically calculated distance
between two macrocyclic repeat units, spaced by a biphenyl
unit in a calix-2 chain, is ∼1.56 nm. The other domain spacing
(0.97 nm) was likely a spacing between two consecutive lateral
proton-hopping sites, which was equivalent to the width of a
single layer (calculated theoretically as ∼1.0 nm). This
suggested that the macrocyclic units were aligned and acted
like ion-conducting channels/domains across the stacks of
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macrocycles. Because of the bond angle constraints,110 the ionconducting channels across macrocycle axes (∼1.56 nm) and
the lateral proton-hopping pathways (0.97 nm) from the same
ellipsoidal aggregate cannot be oriented along the same
direction. This suggested that the two peaks in the out-ofplane scattering (Figure 5a, right) were likely captured from
two most repeating domain spacings from two diﬀerently
oriented ellipsoids. We thus reasonably approximated that in
our ﬁlms, there was likely a distribution of orientations of
ellipsoidal features with respect to the substrate (e.g., some
ellipsoids were sitting parallel to the substrate, and some were
not). Now, due to the ﬁlm thickness constraints (30−150 nm),
ellipsoids (with dimension 500 nm × 50 nm in IEC 3.9
samples) might ﬁnd it diﬃcult to stand with their long axis
completely perpendicular to the substrate. Otherwise, we
would have seen some very large dimensions in the height
direction in the height versus width plots (Figure S17).
Therefore, chances are that a fraction of ellipsoids were lying
with their long axis parallel to the substrate, and another
fraction of ellipsoids were slanting with the substrate. The top
panel of Figure 5a represents the self-assembly mode and chain
packing parallel to the long axis of the ellipsoids. Please note
that this chain packing is shown irrespective of the orientation
of the ellipsoids with respect to the substrate in the calix-2
(IEC 3.9) ﬁlm. Here, the ion-conducting pathways created by
the alignment of macrocyclic cavities are shown in dotted blue
arrows, while the surface proton hopping, happening along the
calix-2 chains, is shown by solid blue arrows.
The distribution of ellipsoids [parallel to the substrate and
slant with the substrate but not likely perpendicular to the
substrate (Figure 5a)], predicted from RSAXS and AFM data,
also corroborated with the proton conductivity values. Calix-2
chains are not linear. Due to the inter-repeat unit bond angle
and curvature of the ellipsoids, it can thus be imagined that
some calix cavities from the stacked chains in surface-slant
ellipsoids can certainly be along the in-plane proton transport
pathways. On the other hand, the out-of-plane conductivity
should have been very high if all ellipsoids were stacked parallel
to the substrate (i.e., all calix cavities were along the out-ofplane proton transport pathway). Due to the likelihood of such
distribution of the alignment angle of ellipsoids, both in-plane
and out-of-plane conductivity may have components of
through-chain transport (along −SO3H groups) and throughcavity transport.
Atomistic Simulations

To provide the mechanistic insights into the experimental
ﬁndings, support the self-assembly proposed in Figure 5a, and
show whether cavity-level transport is favorable, we performed
a set of atomistic simulations (Figure 5b−d). First, the classical
MMFF94s force ﬁeld in the Avogadro package112,113 was
employed to preoptimize two plausible calix-2 ionomer
structures composed of four sulfonated, calix[4]arenebiphenyl-based monomeric repeat units. The size of these
ionomer fragments was chosen to be small enough for
subsequent calculations within the density functional theory
(DFT) approach using the B3LYP functional. We then
commenced DFT optimizations of both structures using the
NWChem114 computational chemistry package (see the
Computational Details section) to identify the structure
shown in Figure 5b−d as the most stable. This structure was
characterized by almost a straight line connecting phenyl rings
of calix[4]arene units through biphenyl rings, thus rendering
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ellipsoidal feature in that ﬁlm can be located and through-plane
proton conduction across that ellipsoidal feature (i.e., across
calix cavity-rich region) can be measured using CLSM. Also, a
featureless region (Naﬁon-rich) can be located and throughplane proton conduction across that region can be measured.
Therefore, CLSM imaging of the Naﬁon−calix-2 ﬁlm can give
us a visual of how diﬀerent the proton conductivity is at the
positions in a ﬁlm where calix-2 units are located as compared
to the places with no cavity-forming units.
CLSM-based through-plane proton conduction study was
made possible by incorporating a proton concentrationsensitive, ﬂuorescent photoacid probe (8-hydroxypyrene1,3,6-trisulfonic acid, trisodium salt, HPTS, Figure S18) into
the ﬁlm. Incorporating photoacid probes within polymeric
systems has been proven to be very helpful to reveal
information about the proton conduction environment, such
as the extent of proton conduction,7,28,115 proton transport
dynamics,116−119 and more. In a way, the photoacid dye HPTS
behaves just like an ionomer. In brief, HPTS, in a favorable
proton conduction environment, emits ﬂuorescence from its
deprotonated state (Id, λem ∼ 510 nm) more than its
protonated state (Ip, λem ∼ 430 nm). The deprotonation
ratio (Id/Ip) thus becomes higher at locations within a ﬁlm
where proton conduction is stronger. Therefore, we can
generate a through-plane proton conduction proﬁle along any
vertical plane of our interest within a ﬁlm by capturing Id/Ip at
diﬀerent depths along that plane. It is to be noted that the
CLSM image was created by superpositioning the emission of
deprotonated (Id) and protonated (Ip) states of HPTS. Also,
since it is diﬃcult to distinguish between blue and green colors
by naked eyes, the red and green in the images were
pseudocolors representing Id and Ip, respectively.
As expected from the AFM images (Figure 4), we saw
ellipsoidal features (calix-2 rich region) surrounded by
featureless (Naﬁon-rich) regions in the CLSM image of the
Naﬁon−calix-2 composite ﬁlm (Figure 6, inset). We also saw
that the proton conduction was better at places within a ﬁlm
where macrocycles were located. At the air interface, the calix2-rich regions showed bright reddish-orange dots, while the
Naﬁon-rich regions showed weaker orange ﬂuorescence
(Figure 6, insets). The bright-reddish orange color was a
sign of predominance of strong proton conduction in calix-2
rich regions. The proton conduction proﬁle along the zdirection (Figure 6) also showed that the deprotonation ratio
(Id/Ip) at a point over the ellipsoidal feature (calix-2 rich) was
∼3 times higher than that at a point outside of the ellipsoidal
feature (i.e., Naﬁon-rich region). This indicated that the proton
conduction through the macrocyclic cavities is the reason
behind higher proton conductivity of calix-2-containing ﬁlms.
While proving molecular-level or single-cavity-level proton
conduction is diﬃcult, this speciﬁc experiment allowed us to
locate ﬂuorescent dyes inside the cavities. This can be said with
certainty as macrocyclic cavities are by nature more prone to
capture dyes90,120−122 and thus are frequently employed for
dye removal in environmental applications.90 Since we were
able to trap the HPTS dyes within the macrocyclic cavities and
these dyes showed bright reddish-orange color with a higher
Id/Ip value (Figure 6), it was more evident that the molecular
cavities caused strong proton transport.

small stress in the polymerized structure. This also showed a
good alignment of calix[4]arene units creating stacks of
macrocycles. It is to be noted that these simulations were
carried out for the maximum sulfonation of the ionomer
corresponding to IEC ∼4. Here, we considered both
nonhydrated (Figure 5b,c) and hydrated (Figure 5d) models.
In the hydrated model, we only populated the one-dimensional
channels with enough water molecules so that they can
potentially form a H-bonded water wire. It can be seen in the
ﬁgure that the computed characteristic distances are in
reasonable agreement with experimentally measured domain
spacings, being expectedly smaller for the anhydrated (∼0.87,
∼1.35 nm) and relatively larger for the hydrated (∼1, ∼1.4
nm) models. This is in close agreement with RSAXS data and
the proposed self-assembly (Figure 5a). Moreover, we
observed the formation of H-bonded water wires inside the
calix channels, with hydrogen bonds being in the range of
about 1.44−1.8 Å. While much more expensive molecular
dynamics simulations could provide more detailed information
on the distribution of H-bond distances, our static calculations
supported the possibility of H-bonded water wire formation in
the channels that should promote proton transfer. Also, during
DFT optimizations, we observed spontaneous proton transfer
from −SO3H groups to H2O species inside the channels to
yield H3O+. Such continuous pathways and 1D water wire can
eﬀectively minimize the local proton accumulation, an issue of
conventional ionomers in thin ﬁlms.28,115
Through-Plane Proton Conduction Proﬁle

The confocal laser scanning microscopy (CLSM) imaging of a
Naﬁon−calix-2 composite ﬁlm (Figure 6) provided a strong

Figure 6. Through-plane proton conduction (Id/Ip) proﬁle of a
Naﬁon−calix-2 composite ﬁlm (∼140 nm thick) at 80% RH. The
inset shows the CLSM image of the ﬁlm at the ﬁlm−air interface
(scale bar 1 μm). The Id/Ip values at this ﬁlm−air interface are shown
within the dotted black box. Here, the IEC of the calix-2 used to make
the ﬁlm was 3.9.

experimental evidence of the role of macrocyclic cavities on
proton conduction. In our prior work,7 we have demonstrated
this CLSM-based strategy to reveal a through-plane (zdirection) proton conduction proﬁle across ionomer ﬁlms.
By now, we know that calix-2 forms ellipsoidal features, while
Naﬁon makes featureless ﬁlms (AFM images, Figure 4).
Therefore, if a Naﬁon−calix-2 composite ﬁlm is made, an

Proton Conductivity in Bulk Membrane

We were also able to cast transparent Naﬁon−calix-2
composite membranes (Figure 7, inset) with diﬀerent
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bulk water at 80 °C (Figure 7). Even when we made Naﬁon
and Naﬁon−calix-2 composite membranes by keeping the total
number of moles of −SO3H constant, the Naﬁon−calix-2
[Naﬁon−calix-2 = 1:0.17 (w/w)] composite membrane
showed conductivity higher than Naﬁon (Figure S19a). This
again pointed toward the role of sub-nanometer, macrocyclic
cavity-forming units in improving the proton conductivity of
membranes. It is also to be noted that high proton conductivity
over a range of relative humidity conditions is desired for both
low- and high-temperature fuel cells.97 Achieving high
conductivity at low % RH becomes especially critical for
high-temperature fuel cell operations as water tends to
evaporate. We saw that the Naﬁon−calix-2 composite
membrane [∼6 mS/cm, Naﬁon−calix-2 = 1:0.10 (w/w)]
oﬀered improved conductivity over the Naﬁon membrane (∼3
mS/cm) under high temperature (70 °C)−low humidity (30%
RH) conditions.
It is to be noted that to make Naﬁon−calix-2 composite
membranes, we had to prepare separate stock solutions of
Naﬁon and calix-2. Later, the stock solutions were mixed
together to cast the composite membranes. When we did AFM
of Naﬁon−calix-2 composites (Figure S19b−d), we saw
ellipsoidal features with dimensions similar to what we saw
in AFM images of pure calix-2 ﬁlms (Figure 4g−i). This
proved that the self-assembly of calix-2 into ellipsoidal features
happened in solution and was retained in the ﬁlm/membrane
no matter whether it was pure calix-2 or calix-2 in a Naﬁon
matrix.
We also measured the time-dependent proton permeation
across Naﬁon−calix-2 composite membranes in comparison
with the pure Naﬁon membrane. The measurements were
done at two diﬀerent concentration gradients of HCl [1 M
(Figure 8a) and 3 M (Figure 8b)] across feed and reservoir

Figure 7. Proton conductivities of bulk Naﬁon and Naﬁon−calix-2
(IEC 3.9) composite membranes with diﬀerent Naﬁon-to-calix-2
ratios. The thickness of the membranes ranged between 60 and 70
μm. The measurements were taken from 23 to 80 °C in bulk water.
The inset shows a photograph of a Naﬁon−calix-2 composite
membrane.

Naﬁon-to-calix-2 ratios. The calix-2 ionomer not only did
improve the proton conductivity of sub-micrometer-thick ﬁlms
(Figure 3a−c) but also improved the proton conductivity of
several tens of micrometer-thick bulk, free-standing membranes (Figure 7). At a very low loading of calix-2 within the
Naﬁon matrix [Naﬁon−calix-2 = 1:0.20 (w/w)], the proton
conductivity of the composite membrane (σm) was 321 mS/
cm, while it was 257 mS/cm for the pure Naﬁon membrane in

Figure 8. Time-dependent proton permeation (measured as proton concentration in the receiving compartment) through pure Naﬁon and
Naﬁon−calix-2 composite membranes at 1 M (a) and 3 M HCl (b). (c) I−V curves of Naﬁon and Naﬁon−calix-2 (IEC 3.9 and IEC 5.8)
composite membranes were recorded in 0.1 M KCl in DI water. (d,e) Schematic illustration of ionic current direction across a macrocyclic unit in
the composite membranes at diﬀerent applied voltages [forward (d) and reverse (e) biases].
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for lithium-/sodium-ion batteries, and more. On the other
hand, the faster passage of water and protons through such
narrow cavities opens up new ways to alleviate local proton
accumulation,28,115 an issue identiﬁed with Naﬁon in thin ﬁlms
and membranes. While the macrocycle-containing ionomers
can have many exciting applications, these ionomers can
certainly open up new ways to design eﬃcient electrodes for
energy conversion and storage devices. 1,2 Ion transport5,8,10,101,103−105,123 and gas transport3,4,124,125 resistances
at ionomer−catalyst interfaces are two of the major
technological challenges of electrodes of fuel cells/electrolyzers. These resistances make the electrochemical reaction
sluggish. The typical way to deal with these problems has by far
been the development of catalysts92,93,126−128 with large
electrochemically active surface area. Here, we are trying to
address these issues by designing new ionomers. If the
macrocycle-containing ionomers are used as sub-micrometerthick binders on electrodes, the molecular-level cavities of
these ionomer chains can contribute to minimize ion transport
resistance to a great extent. At the same time, such open
structures of these ionomers might be beneﬁcial to reduce local
gas transport resistance.3,4,124,125 Such much-needed technological improvement through ionomer binder design can
transform the performance of energy conversion and storage
devices.

compartments (Figure S20 for experimental setup). Having a
trace amount of calix-2 within the Naﬁon membrane matrix
[Naﬁon−calix-2 = 1:0.05 (w/w)] made the proton permeation
through the bulk composite membranes much faster in
comparison to pure Naﬁon membranes. The faster proton
permeation in the presence of calix-2 within the membrane
again demonstrated the potential of calix-2 to create unique
and eﬃcient proton conduction pathways across macrocyclic
cavities.
Voltage Gating

The calix-2 ionomers also acted like ionic diodes (like naturemimicking and Janus systems37−42) and controlled the
direction of ion passage as the macrocyclic repeat units had
an asymmetric distribution of ionic groups between the upper
(−SO3H) and lower [−OH, −O−(CH2)2−CH3] rims. The
calix-2-containing Naﬁon membranes showed voltage-dependent gating behavior, where diﬀerent ionic currents were
observed when forward and reverse bias voltages of the same
magnitude (−2 to +2 V) were applied (Figure S21 for
experimental setup). Naﬁon−calix-2 composite membranes
took advantage of the asymmetric charge distribution across
calix[4]arene units and exhibited voltage-gating behavior with
rectiﬁcation ratios (|I+2V/I−2V|) of ∼2.21 (IEC 3.9) and ∼4.55
(IEC 5.8) (Figure 8). Here, at positive bias, the applied electric
ﬁeld drove the transport of K+ ions along the axes of
calix[4]arene units from the upper- to lower-rim side (Figure
8d). The −SO3− groups at the upper rim of calix[4]arene units
facilitated this cationic K+ ion transport. At the same time, Cl−
ions were transported in the reverse direction. Such ionic
transport increased the total ion concentration inside the
macrocyclic ion channels and showed a high ionic current at a
forward bias (Figure 8c,d). On the other hand, at negative bias,
K+ ions got transported from the lower- to the upper-rim side,
but Cl− ion transport was prevented by the anionic −SO3−
groups at the upper rim of macrocycles. As a result, the ionic
current in reverse bias decreased (Figure 8c,e). The whole
eﬀect was observed as an ionic rectiﬁcation ratio >1 for calix-2based composite membranes. Here, the cup-like stacking of
calix[4]arene units (lower rim of one macrocycle facing the
upper rim of the next one) in an aggregate created continued
pathways with asymmetric charge distribution, which was
congenial for voltage gating and inhibiting local ion
accumulation. The observed voltage gating or preferential
ionic current was, therefore, a collective and resultant eﬀect of
local ionic movement across diﬀerent calix-2 aggregates
oriented in diﬀerent directions within the membrane. Since
such asymmetric charge distribution was not present in the
pure Naﬁon membrane, it could not show any voltage-gating
behavior and the corresponding rectiﬁcation ratio was ∼1. The
ionic rectiﬁcation ratio of the composite membrane consisting
of calix-2 (IEC 5.8) was higher than that consisting of calix-2
(IEC 3.9). This could be attributed to an increased repulsion
eﬀect on Cl− ions in reverse bias as the additional −SO3−
groups from free acids were sitting in the cavities of
calix[4]arene units in the IEC 5.8 samples.

■

CONCLUSIONS
By designing a nature-inspired class of ionomers (calix-2)
containing macrocyclic calix[4]arene units, here, we showed
how to take conﬁnement in favor of us to improve thin-ﬁlm
proton conductivity. By leveraging the sub-nanometer-sized
cavities of calix[4]arene (1D water wire) in calix-2, we were
able to achieve up to 1−2 orders of magnitude improvement in
proton conductivity as compared to the current benchmark
ionomer Naﬁon in <100 nm-thick ﬁlms. The role of
macrocyclic cavities in elevating proton conductivity was
conﬁrmed through extensive synthetic, analytical (CLSM), and
theoretical (atomistic simulations) eﬀorts. The combination of
AFM, GISAXS, and atomistic simulations allowed us to
rationally propose the self-assembly modes in calix-2-based
materials. As per these ﬁndings, the systematic calix-2 chain
organization enabled formation of 1D water wires through the
aligned macrocyclic cavities and facilitated long-range proton
conduction in both thin ﬁlms and bulk membranes. Especially,
the thin-ﬁlm results showed great promise of calix-2 ionomers
to address and overcome the ion transport limitation at
ionomer−catalyst interfaces on electrodes of fuel cells,
electrolyzers, and many other electrochemical devices. Moreover, when we incorporated calix-2 within Naﬁon membrane
matrices, the ionomer demonstrated voltage-dependent ionic
current. Such voltage-gating behavior makes these ionomers a
potential candidate to design bulk membranes/ﬁlms with
selective ion permeation and blocking capabilities.

■

METHODS

Ionomer Synthesis

Broader Impacts on Energy Technologies

The synthesis of monomeric intermediates (2 and 3) is shown in the
Supporting Information. The synthetic and analytical characterization
details of calixn-2 (neutral) and calix-2 ionomers are shown below:

We have shown how by incorporating sub-nanometer-sized
cavities of calix[4]arene within the ionomer chemical structure,
we not only can improve the thin-ﬁlm proton conductivity
signiﬁcantly but also can achieve voltage gating-induced ionpermselective behavior. The voltage-gating behavior can have
implications in water electrolysis, desalination, metal extraction

Calixn-2
A mixture of 3 (2.6 g, 3.91 mmol), 4,4′-biphenylene bis(boronic acid)
(0.943 g, 3.90 mmol), tertrakis(triphenylphosphine)palladium(0)
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(2.25 g, 1.95 mmol), anhydrous toluene (5 mL), and anhydrous
methanol (0.5 mL) was stirred at 100 °C. After 15 min, potassium
carbonate (2 M, 4 mL) was added to the solution and then stirred
again at 100 °C for 5 days. Upon completion of the reaction, the
mixture was cooled down to room temperature. The organic layer was
extracted with dichloromethane (10 mL), washed with DI water (10
mL) and HCl (1 M, 10 mL), and dried using sodium sulfate. The
residue was triturated with boiling diethyl ether (3 × 10 mL) to
obtain calixn-2 (1.42 g, yield 53%). Molecular weight [Mn: 5022 g/
mol, polydispersity index (PDI): 2.48]. 1H NMR (400 MHz, CDCl3):
δ 1.35 (t, 6H, from −CH3 of 2 −O−CH2−CH2−CH3); 2.11 (m, 4H
from −CH2− of 2 −O−CH2−CH2−CH3); 3.41 (d, 4H, 1H from
each −CH2− of Ar-CH2-Ar); 4.01 (t, 4H, from each −CH2− of 2
−O−CH2−CH2−CH3); 4.35 (d, 4H, 1H from each −CH2− of ArCH2-Ar); 6.67−7.73 (18H, 10H from calix[4]arene unit + 8H from
biphenyl unit); 8.34 (s, 2H, −OH). 13C NMR (100 MHz, CDCl3):
153.40 (Ar-OH), 151.92 (Ar-OH), 133.51−118.98 (Ar), 78.34
(−O−CH2−CH2−CH3), 31.46 (Ar-CH2-Ar), 23.53 (−O−CH2−
CH2−CH3), 10.96 (−O−CH2−CH2−CH3). The 1H NMR and 13C
NMR spectra of calixn-2 are shown in Figures S5 and S6.

and washed with hexane several times to get a brown powder (0.4 g).
Molecular weight Mn 6542; Mw 22,238; PDI 3.40.

Calix-2

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00143.

Computational Details
Atomistic simulations were performed in two steps. First, atomicstructure optimizations of calix-2 ionomers comprising four
elementary units were carried out using the MMFF94s force ﬁeld in
Avogadro software.112,113 Then, the classically optimized structures
were fed into the ab initio NWChem code (version 7.0.2) to optimize
the geometries within the DFT approach.114 Here, we ﬁrst employed
3-21G and then 6-31G basis sets on all atoms in combination with the
B3LYP exchange−correlation functional using the NWChem default
convergence criteria. The most energetically favorable structure (see
Figure 5b,c) was then used to add H2Os species inside the calix
channels. The identiﬁed H-bonded water wire that was suggested to
promote H transfer inside the channels is depicted in Figure 5d.

■
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To a round-bottom ﬂask equipped with a dropping funnel, 0.50 g of
calixn-2 was added. Dry dichloromethane (10 mL) was added to the
ﬂask, and the mixture was stirred for 30 min at −20 °C. To this
mixture, chlorosulfonic acid [ClSO3H, 1 mL (for IEC 2.8), 1.5 mL
(IEC 3.9)] in dry dichloromethane (5 mL) at −20 °C was added
dropwise through a dropping funnel while the inert atmosphere was
maintained, and the mixture was stirred at this temperature for 30
min. The mixture was then brought to room temperature and stirred
for another 30 min. After the reaction was completed, the mixture was
poured into ice-cold water, followed by ultrasonication for 2 h. This
washing−sonication cycle was repeated thrice, decanting the water at
the end of each cycle so that the free acids can be eﬃciently removed
from the reaction mixture. The rest of the mixture was then washed
with hexane thrice to precipitate out the compound (as brown
powder). Drying this powder under vacuum at 60 °C for 10 h yielded
the sulfonated calix-2 ionomer [0.30 g, yield 49% (IEC 2.8); 0.37 g,
yield 50% (IEC 3.9)]. Molecular weight: Mn 5671; Mw 13,566; PDI
2.39 (IEC 2.8); Mn 6138; Mw 20,245; PDI 3.30 (IEC 3.9).
The abovementioned sulfonation method was used to synthesize
calix-2 with IEC 2.8 and 3.9. Calix-2 samples with IEC 5.8 possessed
both covalently bonded −SO3H and noncovalently trapped free acids.
Here is the procedure to obtain calix-2 with IEC 5.8: to 0.5 g of
calixn-2 in a 50 mL round-bottom ﬂask equipped with a magnetic
stirring bar; chlorosulfonic acid (ClSO3H, 5 mL) in dry dichloromethane (3 mL) at −20 °C was added dropwise for 30 min using a
dropping funnel. The mixture was stirred for another hour to ensure
good acid doping, then brought to room temperature and stirred for
30 min more. This high IEC calix-2 was neither soluble in
dichloromethane nor completely soluble in water. The unreacted or
untrapped free acids were thus removed through a multistep process.
First, the ice-cold water wash (∼10 min)−sonication (2 h) cycle was
repeated thrice, followed by decanting the water phase at the end of
each cycle. The reaction ﬂask was then placed into a preheated oil
bath at 80 °C with stirring (200 rpm) for 4 h, which removed
dichloromethane and a fraction of water. The solution (still
containing some water) was then vortexed and ultrasonicated for 6
h so that the free acids (loosely captured in the macrocyclic cavities)
can come out of the cavities to the remaining water phase. The
dispersed solution was kept overnight inside the fume hood. This
allowed the polymer phase to settle down, while the free acids still
stayed in the water phase. This polymer−water biphasic system was
then transferred to a dialysis pouch. The neutral calixn-2 had a Mn
slightly higher than 5000. Therefore, the molecular weight cutoﬀ of
the dialysis membrane was chosen as 5000 to remove the free acids
and the low MW- and water-soluble chains of calix-2. At the end of
∼72 h dialysis against DI water, the pH of the external solution was
∼3−4, which was constant for the last 12 h of the process. After
dialysis, the solution was taken out of the membrane, dried in an oven,
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